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SUMMARY
An investigation has been made to study boundary-layer transition
on six axisymmetrical blunt bodies of revolution. Model shapes were
selected with respect to the degree of favorable pressure gradient over
the model surface. Tests were conducted at a Mach number of 2.20 and
over a range of free-stream Reynolds number per foot of about 1.4 x 106
to 6.5 x 106. The tests were made at an angle of attack of 0 ° with zero
heat transfer.
For the hemisphere, the flow remained essentially laminar over the
model surface length for the entire pressure range of the tests. For a
strong favorable pressure gradient followed by any weak favorable, neu-
tral, or adverse gradient, the tendency was for transition to occur at
or immediately behind the shoulder. A single strip of three-dimensional
roughness in the region of strong favorable pressure gradient did not fix
transition on the models at the roughness location except at the maximum
test pressures, whereas a second roughness strip added in a region of
neutral or adverse pressure gradient did fix transition. Experimental
pressure coefficients agreed closely with modified Newtonian theory
except in the shoulder region.
INTRODUCTION
Boundary-layer transition has an important influence on local sur-
face temperatures and heat-transfer rates. In order to approach optimum
design of missile noses, reliable knowledge of the factors controlling
transition must be known. Several boundary-layer transition investiga-
tions have been made on various shapes, but there is still a need for
data from a group of systematically selected shapes tested in a single
facility in which the turbulence level and local flow irregularities are
apparently small.
The present investigation was undertaken to study boundary-layer
transition on six blunt axisymmetrical bodies of revolution. The model
shapes were selected with regard to the degree of favorable pressure
gradient over the model surface and varied from a hemispherical shape
to a flat-faced cylindrical shape.
All tests were conducted at a free-stream Machnumber of 2.20 over
a range of free-stream Reynolds numberper foot of about 1.4 × 106 to
6.5 x 106. All data were taken with the models at zero angle of attack
and under essentially zero heat-transfer conditions.
SYMBOLS
Cp
MZ
PZ
!
Pt
r
R
Re
s
Tt
Tr
pressure coefficient
local Mach number at outer edge of boundary layer
local static pressure on model surface, lb/sq ft
stagnatlon-point pressure behind normal shock, lb/sq ft
Prandtl number
radius, in.
free-stream Reynolds number per foot
Reynolds number based on momentum thickness and local condi-
tions at outer edge of boundary layer
surface distance measured from stagnation point, in.
free-stream stagnation temperature, OR
recovery temperature, OR
_r recovery factor
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7 ratio of specific heats
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Wind Tunnel
The investigation was conducted in the Langley 4- by 4-foot super-
sonic pressure tunnel, which is a rectangular, closed-throat, single-
return tunnel with provisions for the control of pressure, temperature,
and humidity of the enclosed air. The investigation was conducted at a
free-stream Mach number of 2.20. During the tests, the dewpoint was
kept below -20 ° F at atmospheric pressure; therefore, the effects of
water condensation in the supersonic nozzle were negligible.
Models
Six models with varying nose bluntness and pressure gradients were
used in this investigation. Sketches of these models are shown in fig-
ure I. The range of configurations extended from a hemispherical body
with a completely favorable pressure gradient (model A) through a range
of nose shapes with varying amounts of less favorable pressure gradients
and adverse pressure gradient. The skin of each model was of 0.090-inch-
thick 347 stainless steel. In order that a common mount might be used
for all models, all base diameters were 12.00 inches. All models were
sting mounted for the tests. Surface roughness of the smooth models was
less than 5 microinches root mean square. Carborundum grit with a maxi-
mum measurement of 0.059 inch was arbitrarily used to fix transition on
the model. This large-size grit protruded through the boundary layer
but was chosen because past tests in this tunnel had indicated some
problem in fixing transition at the roughness with smaller grain sizes
on bodies with large favorable pressure gradients.
Instrumentation
Each model was instrumented with a row of no. 30 gage iron-
constantan thermocouples which extended from the stagnation point along
the upper generatrix of the body to near the model base. The thermo-
couples were spot-welded to the inner surface of the model and the tem-
perature data were recorded on Brown potentiometer recorders. The
voltage output of each thermocouple was recorded every 12 seconds.
Temperatures were read from the temperature charts to the nearest 0.5 ° F.
A row of pressure orifices (0.050-inch outside diameter, 0.040-inch
inside diameter) were located 1/2 inch to ii inches apart along a longi-
2
tudinal llne 90 ° from the thermocouple locations. Care was taken to
locate more orifices in the model shoulder region, where a rapid change
takes place in flow over the model, so as to obtain better defined
4pressure distributions in that region. The pressure orifices were con-
nected to mercury manometers which indicated surface pressure measure-
ments. A list of the locations of the thermocouples and pressure ori-
fices for each model is given in table I.
A twin-mirror schlieren system was employed to aid in determining
the type of boundary-layer flow over the models.
Tests
All tests were conducted with the models at an angle of attack
of 0° and at a free-stream Mach number of 2.20. Tunnel stagnation pres-
sures varied from approximately 800 to 4,300 pounds per square foot,
which corresponds to a range of free-stream Reynolds number per foot
of 1.4 × l06 to 6.5 x l06. The tunnel stagnation temperatures varied
from about 535 ° R to 580 ° R.
The test procedure consisted in starting at low tunnel stagnation
pressures and advancing to the higher pressures. Whenever data were to
be recorded, the tunnel was brought to and held at the desired tunnel
condition until the temperatures reached equilibrium. All equilibrium
temperatures were recorded for a period of at least 60 seconds. Simul-
taneously, photographs were taken of the multiple-tube mercury manometer
to which the pressure tubes were connected and schlieren photographs
were made of the flow over the models.
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Data Reduction
In order to obtain reasonably accurate predicted temperature dis-
tributions, experimental pressure distributions were desirable as a
basis for theoretical calculations. The pressure distributions were
reduced in the usual manner.
Calculations of Tr/T t were made from the relationship
_-i
Tt + Z _ _r
where Tr is the recovery temperature, _r = _--_ for the laminar
boundary layer, _r = _ for the turbulent boundary layer, and the
Prandtl number is constant at 0.73. The value of Npr was selected
to give the best overall fit to the experimental data.
5
Q
L
i
3
8
5
Experimental temperature distributions over the models were read
directly from Brown potentiometer recorders. At each longitudinal sta-
tion, five recorded skin temperatures were averaged and the average
value was treated as a single temperature reading. Temperature readings
were then reduced to a ratio by dividing the local wall temperature by
the measured model stagnation-point temperature. Because of the small
temperature difference on the models and the thin skin, no correction
was made for longitudinal heat conduction. Because of the relatively
small skin thickness and assumed zero heat-transfer condition, no cor-
rection was applied for installation of the thermocouples on the inner
surface of the models.
RESULTS AND DISCUSSION
Pressure Distribution
Experimental pressure-coefficient distributions over the bodies of
the six configurations were obtained to provide a reasonably accurate
basis for computing the recovery temperature ratios Tr/T t for the
la_ninar and turbulent boundary layers. Comparisons of these calculated
ratios with the experimental data provided a means by which transition
could be detected. The pressure data are presented in figures 2 to 7.
As a matter of interest, the experimental pressures are compared with
theoretical curves from modified Newtonian theory, in which
!
Cp = Cpt sin25, where C ' is the pressure coefficient at the modelPt
stagnation point and 5 is the angle between the surface and the
stream direction.
Since fixing transition on the models did not have a significant
effect on the pressure distributions, smooth-model data only are pre-
sented in figures 2 to 7. The data, in general, show no effect of
Reynolds number on pressure distribution.
The hemispherically shaped model A had a very strong favorable
pressure gradient over its entire length. As expected, the experimental
pressure distributions compared favorably with theory for model A. Pre-
vious studies have shown that modified Newtonian theory gives reasonably
good agreement with experiment on hemispheres even at a Mach number
of 2.20. (For example, see ref. 1.)
Models B, C, D, and E form a family of blunt noses. The shapes
begin as a hemisphere-cone and change progressively to blunter and
blunter faces, maintaining rounded shoulders, but decreasing the cone
angle of the afterbody at the base until a flat-faced, round-shouldered,
6cylindrical shape, model E, is reached. (See fig. I.) The pressure
distributions for the group (figs. 3 to 6) show a fairly similar trend:
weaker gradients on the face as the nose shape becomes blunter, strong
favorable gradients at the shoulders, and weak favorable or adverse
gradients on the sides of the models. The data show that increasing
the amount of face blunting resulted in an increase in the surface dis-
tance from the stagnation point to the expansion of flow ahead of the
shoulder. The smaller the cone angle of the model afterbody, the greater
the distance required for recompression after overexpansion of the flow
at the shoulder. In general, the experimental data were in agreement
with the theoretical calculations over the front face of the models. In
the shoulder region, however, the experimental pressure coefficients were
more negative than predicted. Agreement of experimental data with theory
rearward of this shoulder region became poorer with decreases in the cone
angle of the model afterbody.
Model F, the flat-faced cylindrical model, exhibited expansion of
flow very far ahead of the shoulder, a very steep pressure rise at the
shoulder, and negative pressures beyond the shoulder. (See fig. 7.)
The indication is that the flow was separated in the region beyond the
shoulder. Schlieren photographs confirm the fact. Although separation
occurred for the sharp-shouldered model F, it did not occur for the
round-shouldered model E (fig. 6). (Model E differs from model F only
in the shape of the shoulder.)
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Recovery-Temperature Ratios
The results of the recovery-temperature investigation are presented
in figures 8 to 13. Experimental recovery-temperature ratios are com-
pared with theoretical ratios over a range of free-stream Reynolds num-
ber per foot of 1.4 X 106 to 6.5 X 106 for natural- and fixed-transition
models. An attempt was made to fix transition on the models so as to
establish recovery-temperature ratios for a known turbulent boundary
layer and to aid in the interpretation of the results of the smooth-
model investigation.
For the smooth hemispherical model A, the experimental temperature
distributions (fig. 8) showed good agreement with laminar theory through-
out the pressure range over the model surface. The rise in temperature
at the last thermocouple location is ascribed to heat transfer to the
model surface from the base of the model. Examination of schlieren
photographs indicates that the flow was laminar at this location. Values
of R e for the maximum free-stream Reynolds number per foot of 6.5 x 106
were computed by using the basic approach of Cohen and Reshotko (ref. 2)
as applied in reference 3. At 90 ° on the hemispherical nose, which is
7equivalent to about s = 9 inches, Re was computed to be 700. This
value of R e is less than the range of values, 900 to 1,000, found for
the hemisphere-cone investigation of reference 3. Thus it appears that
either a somewhat larger model or a somewhat higher tunnel pressure is
necessary to cause transition on the surface of the hemispherical model.
For the fixed-transition model A, despite the fact that the rough-
ness used was large enough to protrude through the boundary layer, the
flow over the entire model was laminar for free-stream Reynolds numbers
per foot smaller than 2.7 x 10 6. At a free-stream Reynolds number per
foot of 3.4 X 10 6 , it appears that the boundary layer began to change
from laminar to transitional a short distance downstream of the rough-
ness. The flow never became fully turbulent, however, even toward the
rear of the model. Increasing the Reynolds number per foot caused the
temperature ratios at all points on the model to the rear of the rough-
ness to approach the theoretical turbulent values, but apparently the
boundary layer still was transitional in nature even at the highest
test Reynolds number per foot. The indication of a fully turbulent
flow at s = 9 inches when R = 6.5 X 10 6 is discounted because, as
in the case of the smooth model, the temperature at this station is
believed to be affected by the heat flow from the model base.
The recovery temperatures for the hemisphere-cone model B are pre-
sented in figure 9. Experimental data for the smooth body were in good
agreement with the theoretical laminar curve for all free-stream Reynolds
numbers greater than 1.4 × 106 . There is, however, a tendency for the
temperatures over the face of the model to be somewhat lower than the
theoretical temperatures for corresponding positions, while the tempera-
tures over the rearward part of the model tend to be higher than the
theoretical temperatures. It should be noted that because of the lower
velocities on the face of the model, the average temperature through
the boundary layer is higher than the temperature for the boundary layer
near the rear of the model. Reference 4 indicates a higher Prandtl num-
ber for a higher average temperature. Calculations show that if the
theoretical temperature-distribution curves calculated for a constant
Prandtl number are corrected for a variable Prandtl number based on the
average temperature through the boundary layer as it varies over the
model, then the agreement between theory and experiment becomes equally
good at all stations on the model. At a free-stream Reynolds number
per foot of 1.4 x 106 , the experimental data were lower than the theo-
retical laminar curve. At very low pressures it takes a long time to
bring the model to equilibrium conditions, and at a free-stream Reynolds
number per foot of 1.4 x 106 the model may not have been at equilibrium.
Calculation of R8 for the maximum free-stream Reynolds number per foot
(6.5 X 106) at the rearmost thermocouple station (s = 13 inches) yields
a value of 560. This is below the value of transitional Re (range of
900 to 1,000) for a similar hemisphere cone reported in reference 3;
thus laminar flow should be expected.
For the fixed-transition model, a strip of O.025-inch to 0.028-inch
carborundum grit in the region of favorable pressure gradient (the model
face) was sufficient to cause the flow to be transitional for the lower
pressures and fully turbulent for the higher pressures Just downstream
of the roughness location. The flow did not become fully turbulent for
the lower pressures until a second roughness strip was added in the
region of the adverse pressure gradient. The data shown in figure 9
are for model B with double transition strips.
The results for model C are presented in figure 10. Smooth-model
data over the test pressure range show a similar trend to the smooth-
model data of model B except at maximum test pressure. At the maximum
test free-stream Reynolds number per foot, the boundary-layer flow
changed from laminar to transitional Just behind the model shoulder and
developed into a fully turbulent boundary layer near the rear of the
model. Although this model has a neutral pressure gradient followed by
a weak adverse pressure gradient behind the shoulder as compared with
the weak adverse gradient of model B at a corresponding location, tran-
sition started earlier than on model B. The reasons for this phenomenon
are not known. Schlieren photographs of the flow at this test condition
could not be interpreted.
Boundary-layer flow for the fixed-transition model (0.039-inch
granular roughness) remained laminar up to a location Just downstream
of the first roughness strip over the test pressure range. For the
higher pressures the flow changed to fully turbulent a short distance
from the roughness location. As with model B, it was not until after
a second roughness strip was added in the region of neutral to weak
adverse pressure gradient that the boundary-layer flow over the entire
test range became fully turbulent.
Data for the smooth model D are presented in figure ll. Even for
the maximum test free-stream pressure the flow did not become transi-
tional until possibly the last 2 or 3 inches of the model, and even then
the flow never became fully turbulent.
In general, results for the fixed-transition model (O.039-inch
granular roughness) follow the results for models B and C in that a
single strip of roughness in the region of favorable pressure gradient
was not sufficient to fix transition, and transition was not fixed until
a second roughness strip was added.
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9In figure 12, the change from a laminar to a transitional boundary
layer on the smooth-body model E is shown to occur in the region just
behind the shoulder. This model, which probably had the strongest
adverse pressure gradient just behind the shoulder of all the models,
appears to have transitional flow at the very lowest test Reynolds num-
ber per foot. Increasing the Reynolds number per foot caused the flow
to approach the fully turbulent level more quickly.
Data for the fixed-transition model (O.O39-inch granular roughness)
followed the same trends as the data for the other round-shouldered
fixed-transition models.
The results for model F, the flat-faced cylindrical model, are pre-
sented in figure 13. The flow is separated behind the shoulder of
model F and the theoretical recovery temperatures for unseparated flow
behind the shoulder cannot be used in the determination of transition.
Comparison of results for the fixed-transition model and the smooth
model indicates that at 9 inches the experimental recovery temperature
for the maximum test pressure appears to approach the theoretical turbu-
lent curve. Schlieren photographs indicate that the reattachment point
is'in the vicinity of 9 inches in this case.
CONCLUDING R_gARKS
Six shapes ranging from a hemisphere to a flat-faced cylinder were
investigated over a range of free-stream Reynolds number per foot from
1.4 × l0 6 to 6.5 X lO 6. For the hemisphere, the flow remained essen-
tially laminar over the model surface length for the entire pressure
range of the tests. For a strong favorable pressure gradient followed
by any weak favorable, neutral, or adverse gradient, the results show
a tendency for transition to occur at or immediately behind the shoulder.
A single transition strip in the region of or ahead of a strong
favorable pressure gradient was not effective in fixing transition on
the models except at the maximum test pressures, whereas a second strip
added in a region of neutral or adverse pressure gradient did fix
transition.
Experimental pressure coefficients agree favorably with modified
Newtonian theory except in the shoulder region and rearward of the
l0
shoulder. Rearward of the shoulder, the agreement becamepoorer as the
model afterbody cone angle decreased.
Langley Research Center,
National Aeronautics and SpaceAdministration,
Langley Field, Va., May 25, 1961.
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TABLE I.- THEEMOCOUPLE AND PRESSURE ORIFICE LOCATIONS
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Pressure-orlfice
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Station s, in. Station s, in. Station s, in. Station s, in.
Model A Model D
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5
4
5
6
7
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i 0
2 1.0
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4 3.0
5 3.5
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7 4.5
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Figure 2.- Comparison of experimental pressure coefficients with
calculated theoretical pressure coefficients for model A.
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